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Introduction
Trait values of individuals within a population are not only affected by the genetic makeup of individuals, but also by the environmental conditions where the animals develop and socially interact with others (Hill et al., 2007; Waddington, 1960) . With social interactions, the genotype of an individual may affect the trait values of other individuals that it interacts with (Bijma, 2012; Griffing, 1967; Moore et al., 1997; Muir, 1996) . In the past, such social interactions have been ignored by animal breeders. However, in recent decades, social interactions have received increased attention by both evolutionary biologists and animal breeders. This has been mainly due to the increased evidence of heritable effects of individuals on trait values of other individuals, a phenomenon known as indirect genetic effects (IGE; examples: van Vleck et al., 2007; Ellen et al., 2008; Wilson et al., 2011; Peeters et al., 2012; Muir et al., 2013) , coupled with advancements in genetic evaluation and statistical analysis for socially affected traits (Bijma, 2010 (Bijma, , 2014 Muir, 2005) . Because of their genetic basis, IGEs may affect the direction and magnitude of selection response and the amount of heritable variation available for response to selection (Bijma, 2011; Griffing, 1967; Muir et al., 2013) .
For decades, aquaculture geneticists have argued that fast growing fish may be more aggressive and competitive for resources (Kinghorn, 1983; Purdom, 1974) . This association was demonstrated by Moyle (1969) and Swain and Riddell (1990) , under limited resources conditions. By contrast, Doyle (1991, 1993) have shown that with abundant resources, fast growing fish are less aggressive in a competitive environment. Tilapia aquaculture production systems encompass a range of environments from the viewpoint of among fish competition, including some where it is intense (e.g. cages at high density). In this paper we investigate the magnitude of social interactions or IGEs in an environment where competition for food is induced by the feeding regime.
World aquaculture production has increased at an average rate of 8.8% per annum, and Nile tilapia (Oreochromis niloticus) is one of the major freshwater cultured species in the world (FAO, 2012) . Genetically Improved Farmed Tilapia (GIFT) is an improved Nile tilapia strain that until now has undergone 12 generations of selection for growth rate in Malaysia, managed by WorldFish. (WorldFish is an international, nonprofit organization that harnesses the potential of fisheries and aquaculture to reduce poverty and hunger; www.worldfishcenter. org). The coefficient of variation (CV) for harvest weight in GIFT or Nile tilapia in general is around 40 to 60% Nguyen et al., 2007; Ponzoni et al., 2005) , which is considered large. Generally, an increase in the CV indicates inter-individual competition and dominance hierarchy (Adams et al., 2000; Jobling, 1995) . Hence, the high CV suggests considerable competition in Nile tilapia. In order to reduce the competition and size variation in harvest weight of Nile tilapia or aquaculture species in general, we need to quantify and select for the IGEs on socially affected traits in those populations. Thus, the main objective of this study was to quantify the heritable variation for growth rate of GIFT, and the contribution of IGEs to this heritable variation. Here we describe the experiment conducted for this purpose, and present estimated parameters of genetic and non-genetic indirect effects on growth rate in the GIFT strain.
Materials and methods

The environment and the fish
The social interaction experiment began in 2009 and was conducted at the Aquaculture Extension Center (Department of Fisheries), located at Jitra in Kedah State of Malaysia. The first batch of experimental fish was produced from generation seven of the GIFT selection line in 2009. The other three batches were produced in subsequent years, with fish from generation eight, nine and ten. All the batches were named after the year in which the fish were stocked in the experimental ponds. Table 1 shows the reproduction and management schedule for the four batches of the experiment. Refer to Ponzoni et al. (2005 Ponzoni et al. ( , 2010 for further details on selection and mating process in the GIFT breeding program. Table 2 shows a list of abbreviations used throughout the paper.
The experimental design
The common strategy of mating one male to two females (nested mating design) in the GIFT breeding program was used in the production of the fish for this experiment. The offspring were placed in groups, each consisting of two distinct families. This is the optimal group composition for estimating the indirect genetic variance (Bijma, 2010) . To allocate the families in groups, we implemented a design with blocks composed of 11 full-sib families per block ( Fig. 1 ). For better statistical power of parameter estimation, the combination of two paternal half-sib families within the same block was avoided. With the block design, each family was combined precisely once with each of the other ten families in the block, yielding 55 different family combinations per block. For example, in Fig. 1 , family A was combined with families B to K to form 10 different groups. Each group consisted of 16 fish, with both families each contributing eight randomly selected progeny (see Discussion section). After hatching, the fry were separately nursed by full-sib family until they reached the tagging size of 2 to 5 g. Then, for each experimental batch, 80 fish per family were individually identified with PIT (Passive Integrated Transponder) tags before stocking in the pond (Table 3) .
Two earthen ponds of size 0.1 ha were used in this experiment, except in Batch 2010 for which only one pond was used. In Batch 2010 there was high mortality during nursing (fry were over-stressed by high temperature), so that there were not enough fry to fill two ponds. In each pond, an equal number of net-cages (sized 1 m × 1.5 m, and 1.0 m depth) were installed (per pond: 182 units for Batch 2009; 144 units for Batch 2010; 171 units for Batch 2011). Each net-cage contained a single group of 16 fish. Thus the number of net-cages equaled the number of groups stocked. Each group consisted of two distinct families, which was allocated according to the description in the previous paragraph of this section. With the block design, each group was a unique combination of two families. Table 3 shows the number of families, groups and fish involved in the experiment.
During the grow-out period, the fish were fed twice a day, an amount of 3 to 5% of their average live weight, using a commercial dry pellet feed containing 32% of protein. In order to allow competition to take place among the fish, the feed was administered at a corner of the net-cage, instead of spreading it all over the surface of the netcage (see Discussion). The water temperature, pH and dissolved oxygen level were monitored once a week.
Records
The grow-out period in net-cages was about five to eight months to reach a harvest size of 200 to 250 g on average. The fish were harvested at the end of the grow-out period. Harvesting took about one to three days (Table 1) . At that time, live weight, standard length, body width, body depth, sex, tag number, net-cage label, and pond number were recorded. The details of body measurement and sexing are described in Khaw et al. (2012) . The survival was recorded as 1 and 0 for survived and dead fish, respectively, at the time of harvest relative to the initial stocking data after tagging.
The age at harvest of each fish was computed based on the recorded spawning date and harvesting date. A total of 6330 fish with phenotypic information (harvest live weight) over the first three batches of the experiment was used in the statistical analysis. The pedigree data for generation one to ten of GIFT were combined with the data collected in this study for (co)variance component estimation. The full pedigree consisted of 37,670 individuals. To our knowledge, this is by far the largest experiment for the estimation of IGE in aquaculture to date.
Estimation of phenotypic and genetic parameters
Variance and covariance components were estimated by residual maximum likelihood (REML) fitting an animal model with full pedigree information, implemented in ASReml (Gilmour et al., 2009 ). Since harvest weight records were available only on the fish that survived, the individuals with harvest weight records may represent a selected subset of the entire population. With univariate analysis, parameter estimates can be biased when the data are a non-random subset of the entire population (Pollak et al., 1984) . In such cases, bivariate analysis of the trait of interest together with the selection variable can be used to avoid such bias. Thus we used bivariate analysis of harvest weight and survival. In a preliminary analysis, univariate models were fitted to find the best model for both harvest weight and survival. To improve the distribution of residuals of harvest weight, we (natural) logtransformed harvest weight. In tilapia breeding programs, maternal common environmental effects are routinely included in parameters estimation to account for non-genetic covariances between full sibs due to the shared environment before communal rearing. However, we had difficulty in estimating the genetic parameters with the maternal common environmental effects in the model. The issue of maternal common environmental effects is further discussed below. Social interactions between group mates were accounted for by including IGEs in the model for harvest weight. For survival, the estimated variance of IGEs was fixed at the boundary of zero and the effect was therefore left out of the model.
For the bivariate analysis, we fitted five different models to investigate the presence of IGEs. Model 1 was a classical animal model extended with random group-effects and random group-by-family effects. The random group-effects account for non-genetic indirect effects between group mates; such non-genetic indirect effects create a covariance between group mates that takes positive values unless groups are very small (Bergsma et al., 2008) . The group-by-family effects account for differential non-genetic interactions between members of the same family versus members of different families within a group. In the following, we refer to the group-by-family effects as non-genetic kin effects. The non-genetic kin effect is further elaborated on in the Discussion section. Thus model 1 was:
where subscript 1 refers to harvest weight and subscript 2 to survival; y is the vector of phenotypic observations; b is the vector of fixed effects; a D is a vector of direct random genetic effects, g is a vector of random group effects; k is a vector of random non-genetic kin effects, and e is a vector of random residuals. The X, Z D , V and W are the known design matrices. Model 2 contained IGE for harvest weight, but without non-genetic kin effects,
where a S is a vector of indirect random genetic effects, and Z 1 S is the corresponding design matrix. Model 3 contained both IGE for harvest weight and non-genetic kin effects,
Analyses of models with maternal common environmental effects resulted in estimates of the direct genetic variance that were not significantly different from zero. Model 4, therefore, contained maternal common environmental effects, group effects and non-genetic kin effects, but no genetic effects,
where c is a vector of random maternal common environmental effects, and Z 1c is the corresponding design matrix. 2009  50  66  212  209  3350  2565  2010  30  33  45  45  720  509  2011  60  68  248  239  3958  3256  Total  140  167  505  493  8028  6330 Model 5 contained IGE, maternal common environmental effects, group effects and non-genetic kin effects, but no direct genetic effects (DGE),
A comparison of models 4 and 5 indicates whether IGE are significant in models with maternal common environmental effects.
The fixed effects fitted for harvest weight were the interaction of batch (2009, 2010, 2011) , sex (male and female) and pond (1 and 2). The linear covariate age at harvest was fitted within this interaction. In addition, we also fitted the non-nested quadratic effect of age at harvest (to accommodate the non-linear relationship between harvest weight and age) and the linear regression on social age at harvest. Social age at harvest was the average age at harvest of the group mates of an individual. This effect was included to account for age-dependent social interactions. For example, when an individual is accompanied by older group mates it may initially be smaller than its group mates, which may subsequently reduce its growth rate. For survival, we fitted the same fixed effects, except for sex, which was unknown for the dead fish, and the quadratic effect of age at harvest and social age at harvest which were not statistically significant.
The total heritable variance for response to selection in harvest weight, σ TBV 2 , for models 2 and 3 was calculated as,
where, σ 2 AD and σ 2 A S denote the direct and indirect genetic variance, respectively; σ A DS the direct-indirect genetic covariance, and n the group size (16 individuals in the present experiment) (Bijma, 2011) . For model 5, total heritable variance was calculated as σ 2 TBV ¼ ðn−1Þ 2 σ 2 A S . The heritability, h 2 , for harvest weight in model 1 and for survival in all models was calculated as the ratio of σ 2 AD and phenotypic variance, σ P 2 . For models 2, 3 and 5, the ratio of total heritable variance and phenotypic variance was calculated, T 2 = σ TBV 2 / σ P 2 . Phenotypic variances were calculated as,
In principle, phenotypic variance for models 2, 3 and 5 has a term depending on relatedness among group members. However, for the purpose of comparison of phenotypic variances across different studies, we used the standardized phenotypic variance with zero relatedness, following suggestions of Bijma (2012) and Nielsen et al. (2014) . Likelihood ratio tests (LRT) were used for comparison of nested models, and Akaike Information Criteria (AIC) for comparison of non-nested models.
Results
General
A total of 6330 fish with phenotypic information collected over three batches were included in the statistical analysis. Table 4 shows the descriptive statistics. The phenotypic means of these three batches were relatively similar (166.55 g for batch 2009, 140.34 g for batch 2010, and 169.66 g for batch 2011). We found a smaller CV of harvest weight, 36%, compared to previous studies of the GIFT strain where fish were communally reared (48% by Ponzoni et al., 2005; 59 .8% by Nguyen et al., 2007 ; 40% by Khaw et al., 2010) .
Survival was 77% for batch 2009, 71% for batch 2010 and 82% for batch 2011. This is similar to the survival observed in the ordinary GIFT population in Malaysia, which is around 80% on average . Survival was calculated based on the number of fish stocked and number of fish present at harvest time with identification. The unidentified fish were excluded from the data analysis since we were unable to trace back their family. In addition, we could not be sure that those unidentified fish were the experimental fish or their progeny. Unidentified fish accounted for about 6% on average of the total number of fish harvested.
Social age at harvest was fitted as a linear covariate in all the models. In all cases the estimated regression coefficient of social age at harvest was −0.001 g per day and was statistically significant, p b 0.01. The negative regression coefficient indicates that the older the group mates, the greater the reduction in growth rate of an individual within the group. In standard deviation (SD) units for age at harvest (Table 4) , the magnitude of the social age effect at harvest was −0.058 g (calculated as −0.001 g per day × 58.21 days), indicating that this effect was small. Hence, in spite of being statistically significant, the effect of social age at harvest resulted in negligible differences in harvest weight.
To test for robustness of the estimates, we investigated the effect of removing outliers. Outliers were defined as residuals that are more than 3.5 standard deviation in magnitude (Gilmour et al., 2009) . After the removal of outliers, the parameter estimates either remained very similar (mainly for survival) or changed by 1% to 10%. There was no change in the sign of estimated correlations. Because overall the changes were negligible, all analyses presented here used the complete data set. Table 5 shows the bivariate REML estimates for all the five models and their log-likelihood. Bivariate analysis significantly better fitted the data than univariate analysis, as the difference in log-likelihood of, for example, model 3 versus model 3 with all between-trait correlations fixed at zero equaled 37 (likelihood ratio test, χ 5 2 = 74, p b 0.0001).
Estimation of phenotypic and genetic parameters
Therefore results are only shown for the bivariate analysis. We had difficulty in estimating the genetic parameters when maternal common environmental effects were included in the models. When maternal common environmental effects were included, the direct and indirect genetic variances were not properly estimated and marked as "liable to change from positive definite to fixed at a boundary". Several different models with maternal common environmental effects included were tested. The ASReml outputs of all the tested models showed the log-likelihood converged. But all the genetic parameters (with or without IGEs) were not properly estimated (parameters did not converge; results not shown).
First we focus on the significance of IGE in models without maternal common environmental effects, which follows from a comparison of model 3 with model 1. A LRT showed that model 3 had a better goodness of fit than model 1 ( Â 100% = −55%). As a consequence, total heritable variance was nearly identical to the ordinary direct genetic variance, so that the T 2 from model 3 (0.32 ± 0.09) was approximately equal to the h 2 from model 1 (0.31 ± 0.05). Beware that the lack of impact on σ TBV 2 does not mean that IGE do not affect response to selection.
Instead, the negative direct-indirect genetic correlation will decrease response to ordinary mass or BLUP selection (see Discussion). The negative direct-indirect genetic correlation for harvest weight of −0.38 ± 0.19 indicates a moderate, yet statistically significant, competitive phenomenon in the GIFT population. The estimated direct genetic correlation between harvest weight and survival did not differ significantly from zero, −0.05 ± 0.24. However, the estimated correlation between the direct genetic effect for survival and indirect genetic effect for harvest weight was strongly negative (−0.79 ± 0.30). Thus, better survival was observed for animals with group mates showing a poor growth. This result suggests the presence of competition. The estimated parameters for survival were similar to those estimated from model 1.
Subsequently we investigated the evidence for IGEs in models including maternal common environmental effects (models 4 and 5; Table 5 ). A comparison of likelihoods and AIC of models 3 and 4 shows stronger evidence for maternal common environmental effects than for genetic effects. Since the full set of genetic parameters could not be estimated from models including maternal common environmental effects, we only investigated the evidence for IGE (model 5 versus 4). Based on the AIC for models 4 and 5, model 5 has the smallest AIC and was likely the best model. To test for the significance of IGEs, a LRT was performed between models 4 and 5. The test, χ 1 2 = 3.62 with p = 0.057, suggests the presence of IGEs on harvest weight. The nongenetic random effects were robust to the inclusion or exclusion of genetic effects from the model. We also tested for the presence of social maternal common environmental effects, which were effects of the maternal environment of individuals on the growth rate of their group mates, but this effect was not significant (results not shown). Therefore, it was excluded from all models.
Based on models 3 and 5, group and non-genetic kin effects were highly significant, and contributed about 17% and 10% of the phenotypic variance for both traits, respectively. The comparison of models 2 and 3 served the purpose of testing the non-genetic kin effect. The LRT between models 2 and 3 indicated that model 3 was statistically much better than model 2 (χ 1 2 = 221.78, p b 0.0001). The same result was found when comparing model 5 to model 2 (ΔAIC = AIC 2 − AIC 5 = 235.48). Thus non-genetic kin effects were highly significant. This result demonstrates that family members in the same group were more similar than family members in different groups, even after correction for group and family effects (see discussion). The elimination of non-genetic kin effects from the model caused a substantial increase in almost all the (co)variances, except the residual variance for harvest weight. This implies that the genetic parameters may be biased when excluding non-genetic kin effects. Table 6 shows the Spearman rank correlations between estimated breeding values from the different models. For harvest weight, the correlations between direct breeding values (DBV) and total breeding values (TBV; calculated as TBV = DBV + (n − 1)SBV) were relatively high, ranging from 0.83 to 0.98. Whereas, the correlations between social breeding values (SBV) and TBV were moderate (0.43 for both model 2 versus model 5 and model 3 versus model 5), and a very low correlation was found between SBV and DBV, which was 0.14. For the survival trait, no IGE was fitted in models 1, 2 and 3. Therefore, all the correlations presented are between DBVs of two different models, i.e. for models 1, 2 and 3. All these correlations were moderate to high, being 0.83 (model 1 versus model 2), 0.67 (model 1 versus model 3) and 0.79 (model 2 versus model 3). These results show that model 5 in particular, produces different EBVs for harvest weight than the other models.
Discussion
Overall findings
When maternal common environmental effects were excluded from the model, our results show evidence for IGEs on harvest weight in Nile tilapia. However, we were unable to estimate all the direct and indirect genetic, and non-genetic parameters simultaneously. Though the estimated indirect genetic variance may seem very small, the relevant quantity is the contribution of IGE to heritable variation, which is given by ðn−1Þ 2 σ 2 AS , and was large (48% of total heritable variance). Similar results were found in the few other studies on IGE in aquaculture (Brichette et al., 2001; Monsen et al., 2010; Nielsen et al., 2014) . Therefore, a very small estimate of the indirect genetic variance should not be interpreted as unimportance of IGEs, particularly when group sizes are large. Based on the results, with exclusion of maternal common environmental effect from the model, we could expect that there will be a very slight change (by decimal) in almost all the random effects, except the direct genetic variance that will change in an upward direction and may be overestimated. We did not find IGEs for survival, irrespective of the inclusion or exclusion of maternal common environmental effect in the model. This may indicate the absence of such effects, but may also be due to the limited statistical power because of the low heritability of survival.
Estimation of direct and indirect genetic effects with nested mating design
In fish breeding programs, it is common practice to include maternal common environmental effect in the animal model for harvest weight (examples, Ponzoni et al., 2005; Nguyen et al., 2007; Rezk et al., 2009 ). The newly hatched fry are too small for individual identification and the fish from the same full-sib family are therefore nursed together until they reach tagging size. However, we were unable to estimate the genetic parameters when maternal common environmental effects were included in the models. Our results suggest that maternal common environmental effects were confounded with the DGEs, because previous analysis of larger data sets of the same GIFT population, where the fish reared communally, indicated significant direct genetic and maternal common environmental effects . Furthermore, we found suggestive evidence of IGEs from model 5 that included maternal common environmental effects (p = 0.057). These results suggest that the difficulty of separating genetic from maternal common environmental effects was most likely due to the nested mating design, rather than the group structure used for studying IGEs.
The nested mating design of one male to two females has been the common mating strategy in GIFT and other tilapia breeding programs (for examples, Rezk et al., 2009; Attipoe et al., 2013) . A classical animal model with maternal common environmental effects yields large standard errors of genetic (co)variances when a 1:2 mating design is used (Bijma and Bastiaansen, 2014) . In addition, we did often not succeed in having a 1:2 mating ratio in this study. This was because not all sires successfully mated with two dams by the end of the reproduction period. Of the 140 sires that reproduced in the experiment, only 27 sires successfully mated with two dams and produced progeny for the experiment. Hence, the majority of records came from 1:1 matings, in which genetic and maternal common environmental effects are fully confounded. This increased the difficulty to separate both effects. Furthermore, we should be aware that with the 1:1 mating ratio, the maternal common environmental effect also contained the dominance covariance between full-sibs. In the ordinary GIFT breeding program population, the number of sires succeeding in mating with both dams was about 12% higher than in this study, and the data set is much larger.
In model 5 with maternal common environmental effects, the only genetic term included were IGEs, because direct effects were omitted. Hence, since IGEs were the only genetic term, this may suggest that they capture direct genetic variance and therefore be overestimated. However, in our block design (Fig. 1) , each family was combined with another specific family only once. Consequently, presence of direct genetic variance does not create a covariance between the members of families with which a family is combined into groups. Hence, in the block design, IGE cannot account for covariances among records that originate from direct genetic effects. Instead, the direct genetic variance will contribute to the variance of maternal common environmental effects. Thus we do not expect that omission of direct genetic effects leads to overestimation of IGE in model 5.
To solve the problem with confounding of genetic and maternal common environmental effects, a more powerful mating structure may need to be implemented. For example, a mating ratio of 1:5 or a factorial mating design. Most tilapia breeding programs are using a natural reproduction technique, with a pair of "ready to spawn" parents placed in a hapa (for examples, see Rezk et al., 2009; Attipoe et al., 2013 ; A hapa is a fixed net enclosure which is made out of polyethylene netting with joints in nylon thread). For implementing a more complex mating structure, in vitro fertilization (IVF) and hormone induction techniques could be used (Fernandes et al., 2013) . Alternatively, a group mating design could be used, where one male mates to multiple females under natural spawning conditions (Trọng et al., 2013) .
Irrespective of the mating technology used, however, a persistent problem is that designs optimal for parameter estimation may be undesirable for long term genetic improvement. In aquaculture breeding programs, limited facilities often restrict the number of full sib families that can be used. Hence, the use of, for example, a 1:5 mating ratio instead of 1:2 would result in fewer sires per generation, substantially decreasing effective population size and threatening long-term genetic improvement. The 1:2 mating ratio is used in the GIFT program because the main aim is to produce a superior strain, rather than accurate genetic parameters.
The Spearman rank correlations (0.43; Table 6 ) obtained from estimated TBV and SBV for harvest weight indicated that the ranking of the fish based on these two estimated breeding values differ. On the other hand, the correlations obtained between estimated DBV and TBV for harvest weight were relatively high, which indicates that the ranking of the fish on EBV is similar with both models. In addition, the ranking of fish based on DBV and SBV was very different. For survival, the correlations between DBV of two different models indicated that the ranking of fish were more similar between models 1 and 2 compared to between models 2 and 3. The low correlation between EBVs from models 1, 2 and 3 versus model 5 indicate that inclusion of IGEs may have substantial effects on selection decisions. Hence, knowledge of IGEs is important for the GIFT breeding program.
Heritable competition
Based on model 3, the estimated direct-indirect genetic correlation for harvest weight indicated moderate competition in the GIFT population. This competition almost completely canceled the heritable variation contributed by IGE. The fact that presence of IGEs did not alter Table 6 The Spearman rank correlation a for estimated breeding values between different models for harvest weight b,c (above diagonal) and survival trait d (below diagonal).
Model 1
Model 2 total heritable variation, σ 2 TBV ≈σ 2 AD , does not imply that response to selection is unaffected by IGEs. The negative direct-indirect genetic covariance will reduce the accuracy of selection, which in turn reduces response. For mass-selection, for example, the true accuracy is given by
when fish are reared in groups composed at random with respect to family (Ellen et al., 2007; Griffing, 1967) . The perceived accuracy when IGEs are ignored equals ffiffiffiffiffi h 2 p ¼ 0:59, which is 29% higher than the true accuracy. Hence, when ignoring IGEs, response to selection will be over-predicted by 29%. Moreover, the negative direct-indirect genetic correlation indicates that selection for individual performance will increase competition when fish are kept in groups composed at random with respect to family (Ellen et al., 2007) , at least, in competitive environments. This increase in competition can be avoided by using groups composed of related individuals (Ellen et al., 2007; Griffing, 1967 ).
Results of model 3 suggest competition in the competitive environment studied here. Besides reducing the performance of the fish, competition may also reduce the welfare of the fish. With the empirical evidence from livestock, selection on total breeding values (which includes IGEs) could simultaneously improve productivity and welfare of the animals (Camerlink et al., 2012; Ellen et al., 2008; Muir, 1996; Muir et al., 2013; Nielsen et al., 2014) . In addition, Nielsen et al. (2014) demonstrated that accounting for IGEs in Atlantic cod breeding will improve selection response for welfare traits. Note, however, that they did not demonstrate a similar phenomenon for growth traits. Further study is needed to investigate whether this also applies to Nile tilapia.
Group effects and non-genetic kin effects
Our results showed that group effects contributed about 16 to 21% of the phenotypic variance. This is high compared to other genetic and non-genetic effects in the models. This indicates that group mates have similar trait values, which is probably a result of the common social environment experienced by group mates, as net-cages were physically identical. In addition, we found that the exclusion of group effects inflated the estimated heritable variation for both traits (results not shown). This is consistent with previous studies showing that the removal of group effects from the model causes an upward bias in the genetic estimates (Bergsma et al., 2008; van Vleck and Cassady, 2005) . Hence, allowing for random group effects in the model is essential when fitting IGE (see also Cantet and Cappa, 2008 for a discussion on group effects).
In this study, we also fitted a random effect for the interaction of group by family to account for non-genetic kin effects. This effect was highly significant and explained about 9 to 11% of the phenotypic variance. This result indicates that family members in the same group show similar trait values, even after correction for group effects and family effects. This suggests that individuals interact differently with their family members than with the members of the other family in the same group, suggesting kin-recognition (Brown and Brown, 1993; Olsén, 1989; Olsén et al., 1998) . From an evolutionary perspective, preferential behavior towards kin is expected because it increases an individual's so-called inclusive fitness (Hamilton, 1964) . Kin recognition has been found before in salmonids (Brown and Brown, 1993; Olsén, 1989) , and also in tilapia (Sarotherodon melanotheron samples from a wild population; Pouyaud et al., 1999) . The presence of kin-specific behavior may complicate the selection for IGE, because IGEs on kin may differ from those on unfamiliar individuals (Alemu et al., 2014) . Alternatively, the non-genetic kin effect may originate from environmental variation between groups together with differential sensitivity of families to such environmental variation. In other words, genotype by environment interaction could cause the non-genetic kin effects we found here. Furthermore, the results showed that the exclusion of non-genetic kin effects caused an upward bias for almost all estimated parameters. Thus, the inclusion of non-genetic kin effects in the model was essential.
Implications for aquaculture production
Social interactions for aquaculture species at commercial level are not documented and their effect is unknown. This could be because direct observation of fish behavior is costly, and behavior is difficult to record in large groups of fish. Nevertheless, it is reasonable to postulate that competition varies with the production system and feeding regime. For instance, fish are kept at high densities in floating cages, cement tanks and re-circulating systems, but at lower densities in earthen ponds. In this study, one of the key questions is whether IGEs found here are representative of IGEs occurring in commercial farms, where fish are usually reared communally in very large groups and high density.
At commercial farms, the feeding is always unrestricted in terms of amount and accessibility. This is with the purpose to prevent any competition for resources that may happen in the population. In our experiment, the nutrient composition and amount of feed were the same as in the GIFT selective breeding population (no restriction on feeding quantity, examples, Ponzoni et al., 2005) . The difference was that fish were kept in small net-cages where feed was deposited at the corner of the cage, which provided a competitive environment. In communal rearing for GIFT population, the feed is spread over the surface of the pond, which may provide a less competitive environment (similar to commercial farm). Note, no auto-feeder is used and the feed is usually not spread over the entire surface. Therefore, it is difficult to judge whether our set-up increased or decreased competition compared to a communal rearing environment. However, based on the CVs for harvest weight in both environments (competitive and less competitive), the size of fish in communal rearing environment varies more than those in the net-cages (examples, 48% by Ponzoni et al., 2005; 59 .8% by Nguyen et al., 2007 ; 40% by Khaw et al., 2010) . This suggests that the feeding method did not further increase the competition which may already exist in the population. Thus, further experiments with no restriction on the access to feed using the same experimental design may be useful to validate the above assumption.
Besides the feeding regimes, the stocking density at commercial farms is higher than in this study. For example, a commercial farm with intensive system may stocks 1500 fish per square meter (FAO, 2014) . In our experiment, the stocking density was about 11 fish per square meter. For socially affected traits, the total genetic variance and selection response depend on the relationship between group size and the IGEs (Bijma, 2012) . In a larger group, the social interaction between a particular pair of animals may be less and this phenomenon is named 'dilution' (Bijma, 2012) . So far, from our knowledge, there have been no studies on the degree of dilution for aquaculture species under commercial level. This is mainly because IGEs can only be estimated with data coming from many groups (Bijma, 2012) , similar to the experimental design presented in this study. Hence, more experiments and validations need to be done before we can draw any conclusion on the relevance of IGE on commercial aquaculture industry.
Conclusions
Our study is the first large-scale IGE experiment in an aquaculture species. Unfortunately, confounding between maternal common environmental and genetic effects prevented simultaneous estimation of all parameters. Models without maternal common environmental effects showed significant evidence for IGE on harvest weight in Nile tilapia, while a model with such effects suggested the presence of IGE (p = 0.057). In models without maternal common environmental effects, the estimated genetic correlation between direct and indirect genetic effects on harvest weight was negative, indicating that traditional selection will increase competition among individuals in the environment of our study. We also found a strongly negative genetic correlation between direct effects on survival and indirect effects on harvest weight, indicating that individuals with better genes for survival had group mates with lower growth rate in the competitive environment that prevailed in our experiment. The confounding between maternal common environmental effects and DGEs indicated that the one male to two females nested mating design has limited power to estimate the genetic parameters. We have to be aware that other mating designs may allow more accurate estimation of genetic parameters, but may be suboptimal for long-term genetic improvement in schemes where the number of families is limited. Furthermore, more investigation is needed on the implications of IGEs on commercial aquaculture industry, where competition among fish varies depending of the production system and feeding regime.
